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This 1is the final report for the SBIR Phase I contract
F49620-88-C~-0130, “Demonstration of the Oblique Detonation Wave
(ODW) for Hypersonic Propulsion," sponsored by the Air Force
Office of Scientific Research (AFOSR). The program manager of
AFOSR was Dr. Julian Tishkoff, Directorate of Aerospace Science.
This work was performed during the period August 1988 to January
1989 by 2Astron Research and Engineering, Sunnyvale, CA, The
personnel actively involved in this program were: Dr. Takashi
Nakamura (Principal Investigator), Dr. Michael J. Schuh, Mr.
Donald S. Randall, and Mr. Thomas J. Dahm, Professor David T.
Pratt, University of Washington, conducted the computational fluid
dynamic (CFD) work discussed in this report and supported the
Astron team in conducting the basic analysis of the ODW.

An informal progress review of this program was held on 24
January 1989 at NASA Lewis Research Center (LeRC) in which T.
Nakamura and D.T. Pratt gave briefings on the prcgram's progress.
Dr. Edward J. Mularz, Propulsion Directorate at NASA LeRC, hosted
the meeting with Dr. Julian Tishkoff, whko was wvisiting LeRC for
this occasion. Dr. Erwin Lezberg, Dr. Peter Sockol, and other
members of LeRC who are actively involved in hypersoni : propulsion
attended fhe meeting and provided us with valuable input in
analytical and experimental aspects of Lhe prograsd.

We are indebted to members of the Combustion Research
Facility, Sandia Naticonal Laboratory, for their participation in
developing concepts for diagnostics and instrumentation. Qurx
special thanks go to Dr. Robert W. Dibble, Dr. Robert J.
Cattolica, Dr. William L. Flower, and Dr. Robert S. Barlow for
much valuable discussion.

It is our gre.t sorrow to have lost our colleague Mr. Thomas
J. Dahm on 22 February 1989. Mr. Dahm, co-founder and Cnairman of
Astron, was the inventor of the Wave Gun and an active participant

in this program. We miss his deep engineering insights and his
amicable nature which have Dbeen an encouragement and an
inspiration to all of us. Although we feel deep sadness and a

great sense of loss, we are determined to move forward to

undertake the tasks left to us. e
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SECrION 1 - INTRONDUCTTON

The Obligue Dectonacion Wave Engine (ODWE) has been proposed as
an alternative to the Supersonic Combustion ramjet (scramijct) for
propulsion of hypersonic aircraft [1.2,1.2]. For the ODWE,
schematically described in Figure 1-1, the fuel is injected at a
location where the air temperature 1is below the fuel ignition
condition. The fuel/air mixture is heated as it goes through
subsequent shocks until the 1last oblique shock ignites the
mixture., Rapid chemical reactions behind the last shock wave form
a standing Oblique Detonation Wave (ODW). The chemical energy 1is
released rapidly into the flow and the expansion of the flow
begins a short distance downstream of the detonation wave.

The advantages of the ODWE over the scramjet include the fact
that the diffuser pressure and the temperature in the ODWE are
much lower than those for the scramjet, and, therefore, the losses
involved in flow deceleration are less than those for the
scramjet. Also, as the release of the chemical energy in the ODWE
is accomplished by a steady detonation wave instead of by
diffusive burninrg, the engine area exposed to high-temperature,
high-pressure combustion gas is much smaller for the ODWE than for
the scramjet.

There has been a long-standing interest in harnecsing
detconation waves for propulsion of hyperscnic aircraft (Ll.1,
1.2,1.3 and hypervelocity projectile launchers [1.4,1.5}.
Approximate performance calculations show that normal (as opposed
to obligue) detonations are unsuitable for propulsion, due to the
difficulty of wave stabilization and the exceedingly high loss of
total pressurec. Standing oblique detonation waves appear to be
satisfactory from a total pressure loss standpoint, but historical
attempts to stabilize oblique detonation waves in combustion
tunnels [1.6] were inc¢onclusive, due in part to limited approach
Mach numbers, but also due to a fundamental lack of understanding
of detonation wave mechanics. Recent theoretical work [1.7, 1.8]
has clarified the conditions wunder which standing obliqgue
detonation waves can be stabilized with acceptable propulsive
efficiency. Specifically, it is shown [1.7] that only overdriven
weak oblique waves are suitable for propulsion, and that, for any
given approach Mach number and reactant gas thermodynamic state,
there are minimum and maximum flow deflection angles outside of
which an ODW cannot be stabilized.

To date, there has been limited experimental work pertaining to
the stability of the ODW for propulsion. ilertzberg et al, [1.5)
have proposed the usc of stabilized detonation waves, either
normal or oblique, as one of many alternative combustion modes for
a ‘ram accelerator,' a device in which a shaped projectile is
accelerated by combustion through a tube filled with a reactive
mixture.
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In 3 s2ories ot expeliments using methane-oxyden mixtures, they
have deiconstrated the acceleration of projcectiles (60 Lo 75 gram)
from initial injection velocities in the range of 200 m/s to 1200
m/s to finai velocities of 1500 m/s Lo 1900 m/s.

The propulsion mechanism of this acceleration, however, was
thermally choked subsonic combustion and ot stabilized detonation

(1.9]. Recently, they were abkle to achieve acccleration of
projectiles boeyond this wvelocity range [1.10]. Since this

velocity range is above the Chapman—-Jdouguet velocity, 1he
propulsion mechanism is considered to be superdetonative, which
involves oblique shock and associated combustion phenomena. In
the case of thelir results it is not clear whether the combustion
process 1s shock-induced combustion or the oblique detonation
wave, licrtoberg and Bruckner stated thaco their test projectile
forcbedy was a 10° half-angle cone [1.10] which, according to the
arnalysis of Pratt et al. [1.7}, is too small to stabilize an ODW.
Conseguently, it is most likely that theilr observed
superdetonative acceleration was due to shock-induced combustion.,
Unfortunately, the diagnostic methods used in their experiment do
not. provide sufficient data to determine the shock structure and
the combuscion wave structure.

To gain better understanding of this important phenomena,
Astirun Resecarch and Engineering proposa2d Lo conduct a theoretical
and experimental study to investigate ODW phenomena and to assess
Lhie applicability or the ODW to hypersonic precpulsion. 7o achieve
these goals in a direct and unambiguocus way, we proposed to
conduct the experiment in a ram cannon configuration using the
Wave Gun, a hypervelocity two-stage light-gas gun developed by
Astron, to achieve the initial projectile velocity 2.5 km/s
recessary to initiate the ODW.

Figure 1-2 shows a projectile launched by the Wave Gun being
injected into the combustion tube. The tube 1s initially filled
with premixed fuel, oxygen, and diluent. Compression of the
reactant gases 1s accomplished by a single conical weak obligue
shozsk.  The reflected wave off the c¢ylinder wall causes detonation
to occur in the compressed reactant gas flowing through the
annular area between Lhe projectile body and the cylinder wall.
Expansion from the annulus Lo the full tube area in the projectile
wake occurs through an isentropic, supersonic nozzle defined by

the projectile afterbody shape. The static pressure on the
projectile afterbody is considerably greater than that on the
conical forebody, so that net thrust is produced. In the proposed

study, this acceleration is not the primary objective but, rather,
a proof of the successtul stabilization of the ODW.

Wave Gun is a con<ept conceilved at Astron in 1981; it is a
modification of two-stage light-gas gun technology utilizing a
very light pisten. Like a conventicnal, lawvoratory lignt-gas gun,
the Wave Gun consists of a first-stage prepoellant (typically a
canncn powder), a piston, and a compressed, low-molecular-weight

1-3
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Figure 1--2 Schematic or a Hypervelocity Projectile

Injected by the Wave Gun into a Combustion

Tube Filled with Premixed Fuel, Oxygen and

Diluent

gas. Unlike a more conventional design, however, the Wave Gun

piston is as light as it can be and still serve as an effective
separation between the propellant combustion products and the
sccond-stage light gas. 1In Figure 1-3 a typical wave gun cyclie is
illustrated.

The Wave Gun was first demonstrated in a 20-mm bore gun in a

privately funded program. Subsequently, under combined DARPA and
ARDEC funding, a 30-mm bore gun was designed and buiit to
demonstrate a range of operating conditions. In the c¢ourse of

this development program, projectiles with masses to 85 grams have
been routinely accelerated to velocities in excess of 2.5% km/s,
velocities suitable as injection velocitjes to an ODW diagnostic
Ltube.

Schematic of the cxperimental facility for the proposed
cxperiment is given in Figure 1-4. The first element of the
system 1s a Wave Gun. The 30-mm gun constructed for the
DARPA/AKRDC program will be usced as presently configured {1.11).
Tihe muzzle of the Wave Gun will extend into a unit that will
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permit free Wavs Gun recoil while archoring the downstream
hardware. Within this unit the prcjectile passes through a
diaphragm separating the evacuated ba-rel from an atmospheric
tube, which serves the dual funculons of venting the driving gas
and axially separating the poojectile from its obturating sabot.

The projectile, stripped of “ts sabhot, enters the ODW section
through another diapliragn that separates the combustible test gas
irom the stripping gas. After passage of the projectile, the
gases from this section will also exhaust through the stripping
secticn inta the duip tank. At the downstream end of the ODW
section, yet another diaphragm will serve to isolate the reactive
gas mixture. Aft¢r passing through this barrier, the projectile
will Dbe decelcerated by passing through a series of containers
holding materials with increasing densities.

Diagriostics and instrumentation are the key elements of the

proposed experimental program, The objective of the diagnostic
effort is to determine the formation and stability of the cblique
detonation waves by mecasuring the projectile wvelocity, shock
slructures, gas pressures and temperatures, and optical signature
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of chemical specics created by reactions.  The diagnostic methods
to be employed for the proposcd experiments include gas pressurc
measurcment 5,  spectrally resolved eptical measurements, shock
stiructure visualization and flash x-radiography.

This report summarizes the resuvlts of the Phase 1 effort
conducted in the period of 6 months from August 1988 to January
193¢. The purpose of the Phase 1 program was to conduct basic
studies of the proposed concept to assess ivs feasibility. The
chjectives of the Phase 1 program were to:

1. Conduct thermodynamic/computacional tluid dynamic analyses
of the O0DW for a hypervelocity projectile in a combustion
tube.

N

Define optimum operating conditions for the proposed
experiment.

3. Select and establish diagnostic methods and instrumentation.

4. Design and analyze key components.

(82

Formulatc cxporimental procedure.

Ch

BEvaluate effectiveness of the proposed experiment.

This report consists of cight sections. 1n Section 2, results
of the analyses of the hypervelocity projectile are given, This
secLion includes the discussion of the ODW and analyses of the
basic tLhermodynamic and {luid dynamic phenomena associated with
the nypervelocity projectile in the combustion tube. A discussion
of the design of hypervelocity projectiles, including stress
analysis, heat load analysis, material solection, and fabrication
method, 1is given in Section 3. CFD analyses of the ODW are
presented in Section 4. This section includes discussion of the
code wused for the analyses of the flowfield around the
hypervelocity projectile, the ODW, and the shock-induced

combustion phenomena. In Section 5, a discussion of the test
facility design, functions of each component, and design
parameters 1is given. A summary of the work on the diagnestic
methods and instrumentation is given in Section 6. Detailed
discussions on each diagnostic method pertinent to the proposcd
experiment, includ.ng instrumentation and methods of
implementation, are given in this section. The eoxperimental

procedure and test simualation are discussed in Section 7. The
rurpose of the discussion prescernted in this section is te simulate
the actual experimental conditiens so that we can have a re .istic
awareness of what is to be done in the proposed cecxperiment., 1n
the final section, Section 8, we summarize the results obtained in
this study and present our assessment of the effectivencss of Lhe
proposcd experiment.

1-7
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SECTION 2 — ANALYSIS OF HYPERVELOCITY PROJECTILE TEST FLIGHT

In this scction a description is given of the flowfield
surrounding the projectile in the tube followed by a thsoretical
cverview of the oblique detonation phenomena. Finally, results of
parametric studies pertaining to projectile design, working fluid,
boundary layer, and heat transfer are presented.

2.1 FLOWEIELD SURROUNDING THE PROJECTILE

As discussed in Section 1, the projectile will be launched
into the combustion tube filled with a fuel and oxidizer mixture
by the Wave Gun at approximately Mach 6. A conical bow shock will
be formed on the nose of the projectile as shown in Figure 1-2.
The pressure and temperature will increase in the fluid as it
rasses througil the bow shock. The conical bow shock will reflect
off the tube wall and form an obligue detonation wave, which
substantially increases the temperature and pressure of the fluid.
Tne flow will then proceed past the projectile to the nozzle. The
fluid will expand through the nozzle to propel and accelerate the
projecctile down the tube.

~

2.2 THEORETICAL OVERVIEW

The oblique detonation wave phenomenra is described in detail
by Pratt, Humphrey, and Glenn (2.1, 2.2]. Figure 2-1 shows a
schematic of an obligue detonation wave. The supersonic flow is

turned through an angle @ and an oblique detonation wave is formed

at the angle f. The addition of heat in the obligue detonation
wave 1s what differentiates the oblique detonation wave from an
chligue shock wave. Detonation occurs when a shockx-induced
combustion wave follows so closely on the igniting shock wave that
the two waves are fully pressure-coupled. By contrast, a shock-
induced combustion wave results whenever the igniting shock wave
is wuncoupled followed by a distinct, temporally or spatially
resolvable combustion wave. More detailed discussicon on this
matter is given elsewhere (2.2). Detonation waves are classified
as overdriven, Chapman~-Jouguet, or underdriven, depending on
whether the normal component of the flow velocity following the
wave 1s subsonic, sonic, or supersonic respectively.

The governing cqguations pertinent to the obligue detonation
wave are

Conservation of mass

P1 Ui = P21, (2.1)




q: Beat Aaded in
the Detonation
Wave

212-89

Figure 2-1 Schematic of Oblique Detonation Wave Phenomena

Conservation of normal momentum

pr+pLuh =2+ paud, (2.2)
Conservation ol tangential momentum

(P1 thn) th = (P2 gn) iy (2.3)

Conscrvation of c¢nergy

2 2

u -

42— g Din
T2 L (2.4)

With the assumption of heat relecased implicitly due to chemical
reaction, Eguation Z.4 may be used as 1s, provided the enthalpies
hy and h2 include both the sensible enthalpy and the chemical
enthalpy (cnthalpy of formation). Accurate analysis of
performance at high temperature and pressure requires the ucc of
variable specific heats and c¢complex chemical equilibrium and

kinetics calculations. For simplification purposes, it is assumed
that Lhe g units of hcal per unit mass are added to the fluid to
represent the sensible heat relecase due to combustion. 1t 1s also




assumed that the fluid has a constant specific heat capacity and
does not change composition when the heat is added. This results
in the modification of Equation 2.4 to

h+q +“'?"‘—h- +“22"
: 2 77T (2.5)

The Mach number is defined as

—_ i

VYRT

(2.6)

Combination of the conservation equations (Eguations 2.1 to 2.3
and 2.5), the definition of the Mach number, and the description
of the geometry from Figure 2-1 result in

+1 5 ) ! . -1 :
q=-z7r~kaﬁsurﬁ+\l+yNﬁsmHﬁx-(l lz—NﬁsuFB) 2.7
where
Z]’E.._q_ q . XE—I—.:EZ'lztan(B-e) 5 g
I’Ti an p2 ul,l tanB (2. )

A plot of the sovlution of Equaition 2.7 for several values of ¢ and
constant M3 is shown in Figure 2-2. The figure shows the
classifications of the different flcwfields predicted in the
solution. The first classification is that of strong and weak

shocks. The solution of Equation 2.7 gives two values of P for
each value of 6. The smaller value corresponds to the weak shock
and the larger to the strong shock. For all solutions where § > 0,
the minimum value of [ corresponds to the Chapman-Jouguet

detonation wave with Mzp = 1. Points on the constant ¢ lines to
tne left of the Chapman-Jouguet point on the lower branch of the
sclution are wunderdriven waves with Mp»p > 1. Points on the

constant § lines to the right of the Chapman—-Jouguet point on the
lower branch and all of the points on the upper branch of the

solution have M2p, < 1 and are thus overdriven. Foints on the
lower, weak-wave branch will be referred to as weak overdriven,
and on the upper branch, as strong overdriven. However, since all

strong obligue shock waves are overdriven, they will be called
simply strong obligue detonation waves to avoid redundancy.

Weak underdriven oblique detonation waves will not occur in
nature because thec detonation wave cannot be maintained at the
shock if the normal component of the flow velocity following the
wave 1is supersonic [2.2]. Weak overdriven and Chapman-Jouguet
oblique detonation waves can occur in nature and are the desired
operating condition for the oblidue detonation wave experiment.
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Just as with strong obligque shocks, strong oblique deconation
waves will not occur unless there is a strong back riussure

downstrean. If the turning angle is too great, the ot lique
detonation wave will detach. Figure 2-2 shows that as the energy
release is incrcased the maximum turning angle decreases. It also
shows that as more energy is released, the Chapman-Jouguet angle
incrcases. The operaticnal turning angles are bounded by the
detachment angle and the Chapman-Jouguet angile. As the energy
release is increased, the operating range decreases., On the other

land, as the Mach number of the incoming flow is increased, <the
detachment angle incrcases which increases the operating range.
The minimum projectile velocity required to establish an
overdriven we¢ak obligue detonation wave is called the takeover
velocity.

2.3 ONE-DIMENSTONAL FLOW ANALYSIS

The analysis pertaining to optimization of the projectile
shape, dimension, and operating conditions were calculated by one-

dimensional code ODRAM by Pratt [2.3]. The code assumes that
viscous effects and thermal effects (other than the fuel
combustion) are small. It also assumes that all of the fuel and
oxidizer will burn completely in the oblique detonation wave. The

code can treat any combination of fuel and oxidizer correctly.
Real fluid properties and equilibrium states are calculated in the
code Dby using a set of combustion reaction equilibrium and
kinetics (CKiEK) subroutines from Pratt and Wormeck [2.4]). The
code calculates the conditions through a conical shock wave,
obligue detonation wave, and an isentropic expansion behind the
projectile. More detailed descriptions of these three processes
follow.

Flow conditions through the conical shock wave are calculated
by using a modified Taylor-Maccoll method, based on locally
constant Cp's, and integrated from the conical shock wave to the
cone surface. An opticn in the code allows the conditions
directly behind the shock, on the surface of the cone, or some
average of the two to be used as input to the oblique detonation
wave section of the code. Then flow 1is calculated through an
obligue detonation wave for crossflow of reactants (air-fuel
mixture, 1ideal gas, variable specific heats, and chemical
equilibrium) for prescribed fuel/air equivalence ratio. Equations
2.1, 2.3, and 2.4 arc solved iteratively with the assumption that
the flow iz steady and wuniform with no heat transfer. Zero
prescribed equivalence ratio simply recovers weak obligue-shock
solutions without combustion. Detonation in the obligue shock
wave can be turned off in the code. This allows calculation of
the conditions downstream of the oblique shock formed at the wall
due to the reflected conical bow shock. These conditions are then
used as input to a one-dimensional chemical kinetics code CREKI1D
from Radhakrishnan and Pratt [2.5] to determine if the fuel will
ignite and if so, what the induction time is. If the fuel does




ignite and the distance over which the fluid travels during the
induction time is short relative to the projectile length, then
the flame front will travel back up to the oblique shock wave and
form an obligue detonation wave. Otherwise, shock-induced
combustion, with heat release occurring in the annulus, is treated
as Rayleigh f{low, i.e., constant area flow with heat relecase.

The fluid is compressed in both the conical bow shock and in
the oblique detonation wave. The code calculates a projsctiie
diameter that will allow the fluid from the obligue detonation
wave Lo exactly fill the annulus between the projectile and the
tube wall. The code then calculates the properties downstream of
the projectile by assuming an isentropic nozzle expansicon from the
annular area to the tull bore area following the projectile. The
thrust is calculated by using an integral analysis of a control
volume which extends from the front of the bow shock to the
location where the fluid flow has fully expanded to fill the tube.
This integral analysis simplifies to the following equation to
determine the thrust

Thrust = (p,;,r{)ua_?xp - p[”lli% + pr_xp - pin) Aban_’ (2.9)

where subscripts in and exp represent fluid conditions in front of
the conical bow sheck and after the fluid has fully expanded,
respectively. The velocities are relative to a frame of reference
attached to the projectile, and Apore 1s the cross-sectional area

of the test facility bore. The ballistic efficiency is the ratio
ot the idncrease 1in the projectile kinetic energy to the energy
released through the combustion process. It is given by

Thrist- Viyrojeciite

Nballistic = —
Myluid * Preact (2.10)

where hreagct 1s the heat of combustion and ny, 1is the mass
flowrate of the fluid past the projectile. Upon completion of a
calculation, the code returns the projectile performance
information and the states of the fluid five regions: 1) in the
freestream, 2) directly behind the conical bow shock, 3) on the
projectile cone surface, 4) directly behind the obligque detonation
wave, and 5) in the fully expanded region downstream of the
projectile. The code does not take into account all wviscous
losses and assumes a uniform flow through the annulus between the
projectile and the tube wall.

2.4 PARAMETRIC CALCULATIONS TO OBTAIN OPTIMUM CCNDITIONS

The one-dimensional flow code as described in Section 2.3 was
usced to conduct a paramctric study to determine the optimum
conditions for the proposed test. The parameters varied were:
gas composition, equivalence ratio, gas temperature and pressure,
projectile cone half angle, and projectile injection velocity.
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The results of the parametric study on the effects of
changing the cone half angle from 15° to 22.5° for air and
hydrogen are shown in Figure 2-3, The fill pressure is 10 atm and
the temperature is 300 K. The equivalence ratio and projectile
velocity were varied to determine wheve the flow regime for the
obliquec detonation wave will be weak underdriven, weak overdriven,
or detlached. The weak overdriven oblique detonation wave is
desired for the test because¢ it is predicted to be stable. The
weak underdriven oblique detonation wave 1is not theoretically
[o0ssible becausc the normal component of the fluid velocity
downstream of the oblique detonation wave 1is supersonic, which
prevents the stabilization of the detonation wave. A detached
wave will not occur because, as the flow is unable to turn as much
as required by the configuration, it will force an overdriven
normal shock to form in front of the projectile resulting in
negative thrust. This parametric study shows that increasing the
cone angle increases the stability of the obiique detonation wave.
It also shows that decreasing the equivalence ratio decreases the
required projectile injecticn (takeover) velocity.

The next parametric investigation presented in detail shows
the relationship between the takeover velocity, equivalence ratio,

and gas composition. The takeover wvelocity is the minimum
required velocity for a prvojectile to support an oblique
detonation wave. Figure 2-4 shows that as the fraction of the
inert gas is increased, the takeover velocity decreases. Again,
as shown in Figure 2-3, the takcover velocity aecreases as the
equivalence ratic is decreased. The following conclusions can be

drawn f{rom the parametric studies performed: the takeover velocity
decreases as the temperature is increased and as the equivalence
ratio is decreased. The takeover velocity is unaffected by the
gas pressure; however, the thrust and acceleration are directly
proportional to the pressure.

As a result of the parametric study, the following test
conditions were selected for the proposed experiment. Table 2-1
summarizes the selected test conditions while Figure 2-5 shows a
scale view of the projectile in flight within the combustion tube.
A gas fill temperature of 300 K was selected because the very weak
temperature dependence of the takeover velocity is less beneficial
than the added expense and difficulty that would be incurred by
performing the experiment at a lower temperature. A gas fill
prescure of 10 atm was chosen because higher pressures would
result 1in additional costs for the tube to withstand the higher
than 600 atm of pressure downstream of the obligque detonation
wave. The heat transfer to the projectile wall 1is directly
proportional to the fill pressure and higher pressures will
further complicate the thermal protection of the projectile
surface. Parametric runs investigating different working fluid
compositicens confirmed that the takeover velocity decreases when
the fraction of nitrogen is increased or the equivalence ratio is
decreased. However, lowering the concentration of hydrogen might
inhibit the establishment and stability of detonation in the
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Table 2-1 Selected Test Conditions

GAS MIXTURE: Hp + AIR
PRESSURE : 10 atm
TEMPERATURE : 300 K
INJECTION VELOCITY: 2500 m/s
THRUST : 4900N
ACCELERATION: 10,000 g

TEST SECTION LENGTH: 10m

FINAL VELOQCITY: 2870 m/s

v i

T=300K Wave
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Figure 2-5 Scale View of the Projectile in Flight with the
Conical Bow Shock and Oblique Det. nation Wave
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obligue detonation wave and decrease the performance. A
stoichiometric mixture of air and hydrogen was chosen as a good
compromise between a lower injection velocity and performance. A
cone half angle of 20° and an injecction velocity of 2.5 km/s were
chosen by tiading off the performance benefits of a higher
injecction velocity against the Wave Gun's ability to propel the
projectile and sabot at higher velocities. Thesc test conditions
will provide 10,000 g of acceleration to a 50g projeclile and a 15
percent increase in the projectile velocity as it 1is propelled
through & 10m-long test section.

2.5 DBOUNDARY LAYER THICKNLESS PREDiICTIONS

Calculations have been performed to estimate the boundary
layer thickness on the projectile and on the tube wall feor the
proposed test conditions. The purpose of the calculation was to
estimate the boundary layer thicknesses to determine what fraction
of the annulus between the projectile and the tube wall will be

filled by the boundary layer. For this analysis, the f{low was
assumed to have constant properties and a constant freestream
velocity near the wall., The constant property flow assumption is
not true, but it should lead to a reasonable approximation of the
bboundary layer thickness. The constant velocity assumption for
flow over projectile conical forebody at first hand appears to be
an oversirplification of the actual flowfield, hut it is

theoretically correct because the similarity solution for ilow
over a cone yields a constant velocity on the cone surface.

To derive theoretical relations for the boundary layer growth
on the conical forebody and the projectile body surface, the
development in Kays and Crawford [(2.6] is followed. A turbulent
velocity profile of

ut =R750471 2.11)

] 08
38
Ry edx

o (2.12)

which describes the momentum thickness as a function of the f{luid
preperties and R, the radius of the surface along the flow
direcction. This is integrated to give

8y = 0.0188 x Rel? (2.13)

where x 1is distance from the nose of the cone along tLhe
centerline. The displacement and boundary layer thicknesses are
related te the momentum thickness by
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0, =1.299, and 0=1039; (2.14)

It is likely that in the rcal flowfield there will be a scparated
1egion where the obligue detonation wave meets the projectile
surface. It is assumcd in this approximation that this will not
substantially change the boundary layer thickness downstream of
this separated region. In this approximate analysis, the boundary
layer is compressed by the oblique detonatien wave by the relation

;M&hum=mﬁzmh
ODW ODW (2.15)

The flow on the body of the projectile is assumed to be steady and
uniform which results in

8, =0.036 x Re? (2.16)

alfter integrating Equation 2.12 for constant R and Uw. A relative
origin is determined for Equation 2.16 by taking 62 from Equation

2.15 and solving Equation 2.16 for x. The relative origin is
necessary because the boundary layer is not zero at the beginning
of the body, but has already been established. The momentum

thickness at the end of the projectile body is determined by
adding the distance to the relative origin to the length of the
body and using this sum Lo & in Eguaiion 2.16.

The boundary layer profile on the tube wall is appreximated

by
3 17 v Hr0R (“w‘ I_‘J)_(\ 02 RUALS
8,=0.037 x(1 - PR ) (0.3 + 2k
b v Hw (2.17)
which is from Derbidge and Dahm [2.7]. In this relation, uy and

uw are the fluid and wall velocities relative to the projectile.
For a worst-case condition, the wall temperature can be taken to
be the same as the {ccestream temperature. With this boundary
condition, Dahm et al. [2.8] gives

5, =1449, $=10.49, (2.18)
fer the displacement and momentum thicknesses respectively fo:
Equation 2.17. The viscosity of a gas is a weak function of
pressure and increases with temperaturce. An empirical relation

for the viscosity of air is given by

Pa-s

4t =29.6x10 f(_7__ )‘”‘5‘-’
SEIK

(2.19)

from Anderson and Clark [2.9). The viscosity of air is used since
it 1s a good estimate of the viscosily for the mixture of air and



hydrogen vupstream of the oblique detonation wave and for the
mixture of nitrogen and water vapor downstream of the obligue
detonation wave.

Using the results trom the onc-dimensional code and Equations
2.11 to 2.19, the estimates of the boundavy layer profiles in
Table 2-2 were calculated. :

Table 2-2 Boundary Layer Profile Estimates

Boundary Layer Displacement Momentum
Thickness (mm) Thickness (mm) Thickness {mm)
Before ODW 0.18 0022 0.017
After ODW 0.14 0.018 0.014
End ot Projectile
Body 0.46 0.057 0.044
Tube Wall at End of
Projectile Body 0.21 0.028 0.020

The boundary layer and momentum thicknesses on the projectile
and tube walls are drawn to scale in Figure 2-6. This figure
shows that the boundary layer should not cause any significant
blcckage in the flowfield. The figure shows two velocity profiles
drawn relative to a frame of reference attached to the projectile.
The first profile is located at tne beginning of the annulus and
the second profile is located at the end of the annulus. These
velocity profiles show that the boundary layer on the preojectile
wall prevents fluid from moving past the projectile while the
boundary layer on the tube wall drags fluid past the projectile.
The displacement thickness on the projectile surface is only 2.1
percent of the Jap between thec tube wall and the projectile. The
displacement thickness on the tube wall is 1 percent of the gap
between the tube wall and the projectile.

2.6 HEAT TRANSFER PREDICTIONS

Calculations have been performed to estimate the heat
transfer rates to the prcjectile and the tube wall for the
proposed test conditions. There are two objectives in this
section. The first is to determine if the detonation will be
quenched by radiation from the combustion process to the tube and
projectile surfaces, The sccond is to determine the maagnitude of
the convective and radiative heating of the projectile and wall
surfaces,




080-09

s Rl

Shock Ovnlique
Wave Detonation
Wave

Velocity Profile Y

. 2.1 mm

Projecilie

Boundary Layer Thickness

D/ sz R vz
T..

2.1 mm .
Sitock Obiique . n
Wave Delonation 5 N
Wave . ) / LA

_ Displacement Thickness

e c——

Scaled Drdw1ng of Bounaary Layer and Dlsplacement

Figure 2-6
Thicknesses on the Projectile




The energy released by burning the fuel in the oblique
detonation wave is

Qcomb =hreact m (2.20)
The radiation heat flux is given by

Qrdd = GA(Tf4 'de) (2.21)
where ¢ = 5.67x1078 W/ (mZK4), Tf is the fluid temperature, and Ty
is the wall temperature. The convective heat flux is determined
by

Oconv = iz_conv A (Taw - Tw) (2.22)

where the adiabatic wall temperature i:; given by

T =Tf + =
o 2Cp (2.23)

The average convective heat transfer coefficient, hgonv, is
calculated from the Stanton number by

puC, (2.24)

The Stanton number as given by Dahm et al. [2.8] for compressible
flow over a flat plate can be averaged by integrating from the
beginning of the boundary layer and dividing by the length to

yvield
St=0.037F Re-0.2py-0.4 (2.25)

where F is a correction factor for the property variations through
the boundary laycr cgiven by

3 Ty : ,)0.56
B (0.353:rf +0.1977 4, + 0.45T,,

!

(2.26)

and
pux

Re =
(2.27)

For a first estimate at calculating the heat transfer to the
wall, the thermal boundary layer is assumed to start on the body
of the projectile after the oblique detonation wave. It is also
assumed that Equations 2.25 and 2.26 will give adequate estimates
of the Stanton number for the tube and projectile walls even
though it was derived for momentum and thermal boundary layers
that start on the beginning of a flat plate with a 1/7 power law
velocity profile. For the proposed test conditions, these
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equations give a heat transfer coefficient of 279 kW/m2K on the
933 K projectile body. This yields a heat flux of 864 MW/m? or a
total of 2.1 MW for the total surface area of the projectile body.
They also give a heat transfer coefficient of 209 kW/m?K on the
300 K tube wall. This yields a heat flux of 691 MW/m¢ or a total
of 2.0 MW for the total surface area of the tube above the
projectile body.

A schematic for the heat fluxes showing radiation and
convective heat transfer is shown in Figure 2-7. The radiation
heat transfer from the flame was calculated by using a view factor
of 1 for radiation from one side of the flame to the projectile
and to tube surfaces at their initial temperature of 300 K. The
emissivity of the gas is assumed to be unity. This would be a
worst—-case condition. Less heat should Ybe lost from the
detonation wave than is shown because some of the radiation will
be to.a hot gas and not the cold surfaces. Only 0.004 percent of
the heat released in the combustion process is lost by radiation
to the projectile and tube surfaces. This means that the
detonation will not be quenched by radiative heat losses.

The projectile will be heated by the fluid on the conical
forebody as well as on the body. Eguations 2.24 to 2.25 can be
used for determining the heat transfer to the projectile body.
However, tc analyze the heat transfer on the conical forebody, a
relation for the Stanton number 1is reqguired, From Kays and
Crawford [(2.¢],

-025
St o< Cp o< 52 (2.28)
which can be combined with Equations 2.13, 2.16, and 2.25 to give

St = 0.045F Re02pr04 (2.29)

for the average Stanton number on the cone surface. As a check of
this equation, consider the case of a 20° cone £flying at 2.5 km/s
through air at 10 atm and 300 K. The use of Eguation 2.29 gives
heat fluxes within 12 percent of the heat flux predicted by the
Abres Shape Change Code (ASCC) from Lee et al, ([2.10]. ASCC is
used for predicting the flowfield and shape change of a projectile
due to ablation while traveling through air, For the proposed
test conditions, a heat transfer coefficient of 77 kW/mZK is
predicted by using Equation 2.29., This ¢gives a heat flux of 103
MW/mZ or a total of 166 kW for the total surface area of the cone
at 933 K. This is also shown in Figure 2-7.

2.7 PROJECTILE THERMAL LOAD

As shown in the preceding section, the thermal load on the
projectile is substantial. The Biot and Fourier numbers are
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useful in determining which analytical method is appropriate for
determining the thermal response of the projectile. The Biot
nunoer 1s the nondimensional parameter that gives the ratio of the
projectile thermal resistance to the fluid thermal resistance. If
Bi << 1, then a lumped capacitance model can be used. A lumped
capacitance model assumes that the projectile is at a uniform
temperature and the convective heat transferred to the projectile
will uniformly increase the temperature of the projectile. The
Biot number is given by

T
I_))l---"‘———'-—cE
b.sdid (2.30)

The Fourier number is the nondimensional parameter that gives the
ratio of the conduction of heat into the projectile to the storage
of heat in the projectile. If Fo << 1, then the projectile can be
treated as a semi-infinite solid. As a semi-infinite solid, the
projectile surface can support a temperature gradient as it is
heated up. The Fourier number is given by
FOE-&-:.—IC.L_
L? pCyL? (2.31)

out.on




As an 1llustration of this analysis, assume the projectile body
with a heat transfer coefficient of 223 W/m?K has a surface of
unprotected aluminum. For an aluminum projectile, the Biot number
is 17.7 and the Fourier number is 0.0017. Therefore, the
projectile cannot be analyzed with a lumped capacitance method but
can be treated as a semi-infinite solid. From Kreith & Black
(2.11], the temperature profile for a semi-infinite solid at an
initial tenperature of T, exposed to a constant ambient
temperature of Trf and an average convective-heat-transfer

coefficient of E%w is

e et [1 - e+ v ,
"o (2.32)
where
=a] X2 '
5 ’\/4(1: (2.33)
o
= 0
solid (2.342)
and
o heom X
BIE cony
Ksolid (2.35)

In this solution x is the distance from the surface in the semi=~
infinite solid. Using a 10m~long test section, a heat transfer
coefficient of 279 MW/m?K from Equations 2.24 and 2.25, a melt
temperature of 933 K for aluminum, and an irnitial projectile
temperature of 300 K, a semi-—infinite calculation predicts that
the projectile will start to melt 0.53m down the test section.
Assuming that while traveling down the remainder of the tube all
of the heating is used to heat the aluminum from its initial
temperature to its melt temperature and then transform from solid
to liquid, 5.5g of the 51g projectile will melt during the test.
This is not acceptable and, therefore, therwal protection must be
provided for the projectile.

For the proposed test case in 7Table 2-1 and in Figure 2-5 for
a surface temperature of 933 K, Eqguations 2.25 and 2.29 give heat
transfer coefficients of 77 kW/m2K and 279 kW/m2K for the
projectile cone and body, respectively. For all cases of interest
in the test design, the Fourier number will be much less than 1.
Therefore, the semi-infinite analysis will be appropriate for
determining the temperatuvre protile for the projectile cone and

body . The projectile tip temperature will quickly rise to the
fluid total temperature it 1is passing through because of the
higher heating rates near the tip and the small nose radius. The




boundary Jlayer on the cone grows as the fluid moves down the cone
which results in the largest heat transfer located at the nose of
the projectile. <“he ASCC predictions for flow through air c¢an be
used to estimate the increase in the heat transfer rates at the
projectile nose due to the thinner boundary layer at the nose.
The ASCC results show heat transfer rates that are 8 times as high

on the tip of a cone as at the end of the cone. The ASCC
calculations also show that the heat transfer is 1.5 times as high
or higher on the first 7 percent of the projectile cone. It 1is

here that the nose of the projectile should be required to
withstand the total temperature of the fluid.

The surface temperature of the cone and body of the
projectile can be calculated by using Equation 2.32 and estimates
of the heat transfer coefficients. For the cone, the ASCC results
suggest that a multiplier of 1.55 is appropriate for determining
the heat transfer coefficient near the tip of the cone. This
results in a heat transfer coefficient of 120 kKW/mZK. For the
projectile body, the heat transfer coefficient was calculated to
be 279 kW/m2K by using the beginning of the body as the origin of
the thermal boundary layer. This is a conservative estimate as
was previously described, 50 this value will be used without
modification.

Figures 2-8 and 2-10 show ithe surface temperature of the
projectile cone and body for several materials as a function of
location in the test section. Figures 2-9 and 2-11 show the
temperature of the cone and body for several materials as a
function of distance into the surface when the projectile reaches
the end of the test section. These temperatures were calculated
by using Equation 2.32 and a constant velocity equal to the
injection velocity of 2500 m/s to determine the time as a function

of location. These plots show the severity ocf the thermal
protection problem and the dependance of the surface temperature
on the material. These results will be used to select the

material for the projeciile as discussed in Section 3.

xS}
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SECTION 3 - DESIGN OF HYPERVELOCITY PROJECTILE

3.1 REQUIREMENTS FOR PROJECTILE

For a projectile to perform satisfactorily in a ram

accelerator geometry, it must survive several severe
environments without significant deformation or
deterioration. The first of these is the stress loading
caused by the Wave Gun injector. The acceleration process

subjects the base of the projeccile to stress levels of as
much as 500 MPa (72,500 psi) imparting accelerations of 4 x

10° m/sz (400,000 g) or more to projectiles. The stress
levels imposed on the projectile exceed the yield strength of
many materials, so material selection 1s limited to those
with very high strength-to-mass ratios. It is necessary to
consider the stress levels throughout the projectile to
ensure that strengths are not exceeded at any point during
the acceleration process. When the launch package includes a
sabot, the problem of avoiding excessive stresses becomes
even more complex.

As the projectile enters the ODW test section it will be
subjected to conditions that are very different, but no less
extreme. As discussed in the previous section, the tip of
the conical nose will be immersed in stagnant gas behind the
normal shock &at that point, and refractory materials must be
used there to avoid melting and the resultant ablation. The
remainder of the leading cone will be subjected to hot gas
flowing across its surface behind the conical shock. It is
desirable to keep this surface and the gas in its proxaimity
below the ignition temperature of the gaseous mnixture to
prevent premature ignition of the gas mixture in front of the
projectile, Therefecre, materials with a high thermal
diffusivity are required. The "body" or cylindrical section
of the projectile also experiences a very hestile thermal
environment. This surface faces the detonated gas at 600 atm
and 3360 K. The energy added by the detonation reaction does
increase the temperature and pressure of the products
greatly. Melting and the resulting ablation must still be
prevented in this extremely severe atmosphere.

3.2 PROJECTILE DESIGNS

As discussed in Section 7 below, the proposed program
has two series of test activities — a preliminary test series
called Stage I and a subsequent main test series called Stage
II. The purpose of the Stage I tests is to conduct proof-of-
principle testing pertaining to the wvalidity of the
projectile thermodynamics and the effectiveness of the
facility and instrumentation. The purpose of the Stage II
tests is to conduct a more detailed and indepth study




partaining to characterization and gquantification of the ODW
phenemena.

We will use two different projectile designs for the
proposed test program: 1) a simple polycarbonate projectile
for Stage I tests; and 2) a more complex titanium alloy
projectile for Stage II tests. Specific features of each
projectile design are discussed in the following sections.

3.2.1 Stage 1 Projectile Design

The projectile for Stage I study should be designed to
meet the proof-of-principle objective discussed in detail in
Section 7.

To meet the Stage I objective of simplicity with quick,
~simple turnaround, we have chosen to fabricate the projectile
as a scolid, single piece of polycarbonate plastic machined to
the shape shown in Figure 3-1. We will make the outside
diameter of the projectile squal to that of the Wave Gun bore
and thus avoid the use of a sabot. This will elimirate
design complexity and the requirement for sabot discard
techniques. Polycarbonate is frequently referred to by one
of its trade names, Lexan. It has low density, is extremely
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Figure 3-1 Stage I Projectile Design




tough in response to impulsive stresses, and has an extensive
history of success as projectile and sabot material [3.1,
3.2, and 3.3). This choice of design and material virtually
eliminates any concern over projectile survival during the
Wave Gun 1lauanch phase. The low density of polycarbonate
(1.2 g/cm3®) permits the projectile to have a long cylindrical
body without exceeding the mass that promotes in-bore
stability. Because the projectiles are s=olid and machined
frem a single piece of rod steck, the shape can be easily and
quickly modified in response to experimental results.

The dimensions for the Stage I projectile design are
shown in Figure 3-1; they reflect the longer body possible as
a result of the lower density of cthe polycarbonate material.
The mass of this projectile will be 759. This mass is well
below that which the Wave Gun can accelerate to the design
injection velocity.

3.2.2 Stage II Projectile Design

The projectile for Stage II study should be designed to
withstand extreme test conditions discussed in Section 3.2.
In contrast to the polycarbonate projectile for Stage I, the
projectile for Stage 1II study must comgplete the flight along
a 10m-long combustion tube keeping its structural integrity.
The external shape of the projectile is dictated by the
nature of the ODW phenomenon as given in Figure 2-5 1in the
preceding section, The design is illustrated in Figure 3-2,
together with the obturating sabot. This figure defines the
terminology to be used in the remainder of this discussion.
The centralizers mechanically hold the projectile at the
center of the combustion tube. The centralizer is designed
so as to leave a small clearance between the centralizer edge
and the tube wall. As the projectile travels along the tube,
the edge of the centralizer glides over a thin film of gas
between the centralizer edge and the tube wall, yhich ants as
a lubricant. The angle of the conical nose (20 half-anagle)
was selected on the presumption that the injection velocity
would be close to 2.5 km/s. The calculations on which this
choice is based have been discussed in Section 2. In this
situation the conditions behind the bow shock should not
induce detonation, but such conditions should be achieved
upon reflection from the wall. Similar considerations
dictated the choice of body diameter. The choice of shape in
the boat-tail expansion region is somewhat arbitrary based on
the expectation that the effectiveness of this region, from
the standpoint of its function &s an expansion nozzle, will
be quite high irdependent of details of its shape.
Centralizers are shown as an integral part of the prejectile,
although the determination <f whether or not they are
required will depend on an estimate regarding the stability
of an uncentralized projectile in the geometry regquired for
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ODW demonstration. We have designed the length of the :ody
region to be as long as mass limitations will permi to
decrease the likelihood of problems resulting from a tenc oy
for the projectile to tumble within the hore.

The kore of the Wave Gun to be used in the proposed
experiment is 30 mm. In this caliber, our experience is that
we can accelerate an 85g launch package (including projectile
and sabot) to a velocity slightly in excess of the injection
velocity (2.5 km/s) required for ODW function. To avoid Wave
Gun development efforts, we have designed the launch package
to stay within that mass limit,.

In the region where the very high stagnation
temperatures will be achieved, the design includes a tip of
molybdenum alloy. The melting point of molybdenum is 2883 K,
high enough to avoid melting at this c¢ritical 2location.
Except for this region, the cone consists of a substrate of
titanium alloy clad with copper. We have chosen copper for
its very high thermal diffusivity. The importance c¢f thermal
diffusivity to this application is that it will allow the
surface to remain relatively cool and thus aveid surface
ignition as described in Section 2.7, Figure 2-8 shows the
results of a set of one-dimensional calculations that
calculated temperature as a function of depth into semi-
infinite blocks of several materials immersed 1n air at the
conditions calculated to exist behind the conical shock wave.
It can be seen that of these, only copper keeps the surface
below the ignition temperature for the expected duration of
the experiment. It can also be seen that the temperature
1 mm into the copper is only slightly above ambient. For
these reasons, we have chosen to design a projectile with its
conical nose clad with 1 mm of copper despite the undesirable
structural properties of low strength and high density.

The exterior surface of the body of the projectile
presents a different thermal problem. The energy added to
the gas by the detonation process brings the tTemperature of
the freestream gas &around the body to more than 3000 K.
Computed temperatures at the surface as a function of the
distance along the combustion tube and the temperature as a
function of depth at the end of the tube are shown for

several materials in Figures 2-10 and 2-11,. Of these,
titanium carbide was chosen because of its high melting
point, low density, and appropriate diffusivity. A 0.25-mm

(0.01-inch) layer will be applied to the projectile body.

To keep the overall mass of the projectile below the 85¢g
limit imposed by the characteristics of the Wave Gun, we
regquire a material with a low density for the major portion
of the projectile. Further, 1in order to support the
materials described in the preceding paragraphs against the
very large forces produced at the peak acceleration of the
Wave Gun, we need a material with wvery high strangth. The
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family of materials for high ratios of strength to weight are
titanium and its alloys. These materials appear to be ideal
for this application. We have made a preliminary choice of
an alloy designated Ti-6Al1-4V (6 percent aluminum, 4 percent
vanadium, and the balance titanium) for the major structural
material of the projectile. With appropriate heat treatment,
this material exhibits yield strengths in excess of 109 Pa
(145 kpsi) with &a specific gravity of only 4.52. The
thicknesses of the section have been chosen on the basis of
fabricability and on the ability to support the stresses
resulting from the acceleration. We have given the conical
section supporting the molybdenum nose tip and the copper
cladgding a thickness of 1.0 mm on the presumption that this
is about the thinnest section that could be reliably
machined. i

The mean acceleration stresses computed along the base
of the molybdenum tip, 3 x 108 Pa (44 kpsi), and at the
junction of the cone with the body, 6.54 x 108 Pa (95 kpsi),
are well below yield strength of the titanium alloy. The
computed mean stresses at these and other sections are shown
on Figure 3-3. Tt can be seen that in all cases these stress
levels are well below yield. It must be said that the above
mean stresses have been computed by dividing the total force
required to accelerate the mass ahead of a given section by
the area of the section. This simple methodology is adequate

for the preliminary design that is being given here. Before
the design is experimentally applied, however, it should be
subjected to a finite-element stress analysis. Such an

analysis 1s beyond the scope of this Phase I program.

3.3 PROJECTILE FABRICATION

The fabrication of the the projectile according to the
design shown in Figure 3-2 will require a combination of
several manufacturing processes. All of these are developed
conventional processes, however; no 1nnovation or process
development will be required. The nose cone is small and has
some quite thin sections, so some finesse will be required
and no doubt some special fixtures will be needed to support
the piece for some of the final turning operations, but such
precision turning is routinely accomplished by quality shops.

When the form of the titanium cone is completed, the
copper cladding will be applied by electroforming to a
thickness in excess of the l-mm final thickness so that the
the final shape can be produced by lathe turning. We plan to
produce the projectile body as an investment casting of the
titanium alloy with the external shape having the cruciform

cross section. The casting will be made as a rod long enough
to make several projectile bodies. The internal contours
3-6
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will

be produced by machining. The external coating of

titanium carbide will be applied by plasma spray and the
external surfaces of the centralizers will be produced by
lathe turning. The sabot can be produced by simple turning
cf polycarbonate rod stock,
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SECTION 4 - COMPUTATIONAL FLUID DYNAMIC (CFD) ANALYSIS OF
THE ODW STABILIZATICON EXPERIMENT

4.1 INTRODUCTION

As described in Section 2, Analysis of Hypervelocity
Projectile Test Flight, the design ¢0of the projectile for
generation of (and propulsion by) a weak, overdriven ODW can
be achieved by a combination of quasi-one-dimensional control
volume analysis, finite-rate chemical kinetics, and boundary
layer wall heat flux calculations. Therefore, a major CFD
effort was not required to meet the design-of-experiment goal
of Phase I.

However, the ultimate research goal is to understand the
physics of stabilized detonation waves, in order to assess
the benefits which they may offer, ¢r the danger which they
may present, to hypersonic flight propulsion systems. While
a "tour de force" computational modeling of the entire ram
accelerator flowfield is both challenging and interesting --
and has in fact been done by Bogdanoff and Brackett [4.1], by
Glenn and Pratt ([4.2], and by Yungster, Eberhardt, and
Bruckner (4.3)] ~- the CFD effort must be focused on the
gasdynamic and combustion processes which occur in the
annulus between projectile body and launch tube wall, the
region where thce O0DW is to be stabilized and investigated.

Specifically, a key question which this research seeks
to answer by diagnostic measurement, guided and interpreted
by CFD analysis, 1is under what conditions the reflected
obligue shock wave from the launch tube wall may xesult in
one of the following phenomena:

a) No ignition within the annulus (no thrust)

b) Shock-induced combustion: the reactant mixture is
ignited by compression ignition, but the induction
(chemical ignition delay) time 1is long compared to
convective transit time through the reflected shock
wave, s0 that the compression wave and subseguent
combustion wave are decoupled.

¢) Weak, overdriven detonation, partial or complete:
the induction time is comparable to or less than the
convective transit time through the reflected shock,
so that some or all of the chemical heat release
occurs within the shock wave, thereby altering its
structure and strength.

d) Chapman-Jovguet (C-J) detonation, partial: under
conditions which would require a complete ODW to be
underdriven, and thus unstable, only partial post-
induction heat release would occur, of Jjust
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sufficient heat release to permit an oblique C-J
wave to coccur. As the C-J wave 1s only neutrally
stable, possibly severe periodic transient waves
(detonation "cells") will laterally traverse the
wave front.

While the control volume analysis of Chapter 2 establishes
the noecessary conditions for stabilization of an ODW,
sufficient conditions for the occurrence of cases a, b, ¢, or
d above depend on the complex, coupled interaction of time-
dependaent gasdynamic, chemical-kinetic, and viscous processes
of the reacting gases, thus necessitating analysis by CFD.

4 2 COMPUTATIONAL APPROACH

Two parallel computational modeling strategies have been
adopted for the CFD effort. Since the planned initial
experiments have been conservatively designed to ensure that
a weak overdriven, complete or near-complete ODW will result
(Case ¢ above), a computationally efficient, time-steady CFD
code with modest spatial resolution should be adequate for
interpretation and guidance of these expe-iments. For future
experinents, where test conditions will be chosen to allow
investigation of underdriven and/or C-J ODWs to occur (Case d
above), a temporal- and spatial-accurate solution of the
full, transient Reynolds/Navier-Stokes eguation will be
required.

4.2.1 Development of a Time-Accurate Transient CKFD Code: EZD

If molecular and turbulent viscous stresses are ignored,
the Reynolds/Navier-Stokes egquations reduce to the Euler
equations. A two-dimensional, transient, axial symmetry
Euler code E2D 1is being developed for investigation of
oblique C-J detonations [4.4). 1In its present form, E2D is
limited to a nonreacting flow. A reactive flow version of
this code is in the development stage.

Because of the hyperbolic character of the Euler
equations for everywhere-supersonic flows, the axial
component of flow of information from boundaries 1s in one
direction only, from the inflow to the outflow boundary (that
is, the eigenvalues of the Euler equations are all positive.)
The hyperbolic character allows the flowfield to be
decomposed into streamwise zones as shown in Figure 4-1,
where solutions in successive zones depend only on the
solution at the outflow boundary of the upstream zone. Such
a zonal approach has benefits beyond allowing a large problem
to be divided up into more managesakble smaller problems. As
is =shown in Reference [(4.4]), this approach allows the
selective use of special golutions (analytical) for a given
zone. The result is improved computational efficiency and
accuracy in the solution.
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Figure 4-1 TIritial Solution Zones

It is reasonable to assume inviscid flow in the forebody
and annular zones since the boundary layers (both on the
projectile and on the duct wall) are estimated to be
vanishingly thin, as was shown in Section 2. The expanding
flow over the tail of the projectile is also well described
by the inviscid equations: since the flow is supersonic at
the outflow of the annulus, the axially increasing flow area
causes the gas to accelerate, resulting in a favorable axial
pressure gradient. Strong viscous effects occurring after
the recompression shock will not influence the net thrust on
the projectile, which depends only on surface pressure
forces.

Further assumptions include that of ideal gas behavior,
a valid assumption for the operating conditions considered.
Without chemical reaction, this assumptiocn together with that
of inviscid flow allows the use of the <classical,
"numerically exact" gasdynamic solution for the bow shock
over a cone (Tayvlor-Maccoll solution). Alsc, since the
arnular width is small relative to the projectile radius,
two-dimensional planar flow in the annulus can be assumed.
This additional assumption allows the use of obligque shock
theory to verify the predictecd angle of the reflected bow
shock, and the Prandtl-Meyer solution for the expansion ovex
the cone-cylinder shoulder.




Howeveyr, once the shoulder expansion wave interacts with
the reflected shock, a numerical solution of the governing
equations is the only practical way to predict the resulting
flowfield. The actual case will of course involve chemical
reaction, but by design the reaction must not occur upstream
of the first reflected shock. Thus, the solution for the
forebody and shoulder expansion wave apply equally well to
both the reacting and nonreacting cases.

For computational simplicity the special case 1is
considered where the bow shock reflection 1is axially
coincident with the cone-cylinder interface. The first zone
can then be treated entirely with the Taylor-Maccoll solution
for inviscid, supersonic, axisymmetric flow over a cone, as
described in Section 2.

The solution in the annulus (Zone 2) reguires a
numerical solution of the complete Euler egquations. The
axisymmetric form of the equations was used even though the
cylindrical effects are small in this zone,. Central
differencing was used for all interior points, in combination
with first-order TVD correction terms ([4.4]. Taken together
with first-order time differencing, the solution method is
overall of first-order accuracy. The Taylor-Maccoll solution
was used as the inflow boundary conditicen and the interior
solution was extrapolated for the supersonic outflow
boundary. Reflective boundary conditions were used rfor both
walls.

The Prandtl-Meyer solution was initvially used as a check
on the shoulder expansion in the annular zone. But due to
poor conservation of total pressure in the first-order
approximated strong expansion, the Prandtl-Meyer solution was
eventually imposed as an additional zone in the solution, as
is discussed in Section 4.3.1 below. Oblique shock equations
were used as a check on the angle of the reflected bow shock.

4.2.2 Efficient Steady-State CFD Code: RPLUS2D

An existing NASA Lewis Research Center CFD code, RPLUS2D
[(4.5,4.6], has been selected as the "workhorse" for guidance
and interpretation of diagnostic experiments. The RPLUSZD
program is one of the RPLUS family of CFD codes developed at
NASA LeRC. This code has been made available to all NASP
(Naticnal Aero--Space Plane) contractors and similar
permission for its use and required modification has been
granted to the University of Washington. The RPLUS codes
have been tested on a wide variety of reacting and
nonreacting flows and comparisons with experimental data have
shown good agreement [4.5,4.6].

The RPLUS2D solution algorithm is computationally
efficient. In its vectorized form, only tens of minutes are
required to achieve converged solutions on a Cray XMP/48




supercomputer. 1n its non-vectorized form, RPLUS2D executes
in a relatively few hours on VAX class minicomputers. As in
all practical implicit schemes, the equations are factored,
in this case using the "LU" factorization scheme of Jameson
and Turkel [4.7]. Further simplification is achieved by
taking the limit as the timestep approaches infinity, so that
the converged solution can be achieved by diagonalized Newton
itevation. Because of the latter feature, RPLUSZD can be
used only for steady-state solutions.

RPLUS2D models all of the basic physics important to the
ram accelerator. It solves the two-dimensional Navier-Stokes
equations for a reacting gas mixture. Closure of the
Reynolds stress term 1s accompiished with a Baldwin-Lomax
algebraic eddy viscosity model with a constant turbulent
Prandtl number of 0.9, Turbulence-chemistry interaction
effects are not accounted for. The present version 1is
specialized to hydrogen-air mixtures and ideal gas eguations
of state, and considers a 13-reaction mechanism with 38
species. However, the code is being modified to admit
arbitrarily specified gaseous mixtures.

Modifications were made to the as-received code to
incorporate the inflow boundary condition as described in
Reference [4.4). This inflow boundary condition results from
an inviscid solution and therefore does not give the proper
inflow conditions for the viscous simulations that will be
described below. This modification will be correctly treated
in future work. Also note that axisymmetric terms are not
included in the RPLUS2D algorithm and thus the solution is
for the 2-D planar case. However, as described previously,
this is a good approximation to the annular flowfield. Later
solutions for the forebody and plug nozzle flowfield will
require that these terms be added.

4,3 COMPUTATIONAL RESULTS

Results using both codes are presented for a single test
case, that of inviscid, nonreactive flow with parameters

given in Table 4-1. (Note that the Mach number included in
Table 4-1 is not an independent parameter as it is calculated
from the preceding two parameters.) All results are

presented in their dimensionless form. Nondimensionalizing
parameters are described in Reference [4.4].




Table 4-1. Assumptions and Parameter Values Used in Solution

Assumpt.iong Ideal Gas
(k=1.4)
Inviscid
Flow

Freestream temperature (C) 25.0

Projectile velocity (km/s) 2.5

Freestream Mach number 7.3

Cone half angle (degrees) 20.0

4.3.1 Results with F2D

To minimize computer time, initial test cases were run
with an annular aspect ratio (annular length:annular width)
of 1:1 and a grid density of 61 x 51 points. The grid is
shown in Figure 4-2. A plot of Mach number contours for the
converged solution is shown in Figure 4-3. The reflected bow
shock is clearly defined in the upper portion of the grid. A
drawin~-in line representing the angle from an obligque shock
wave chart agrees well with the computed result. However,
the expansion fan shown at the bottom of Figure 4-3 is
smeared downstream and poorly simulated. The true expansion
wave would be fan-like 1in appearance and emanate from the
cone cylinder interface (the bottom left corner of Figure 4-

3). Using the Prandtl-Meyer solution, the fiow should be
expanded to a Mach number of 6.4, Figure 4-3 shows an
expansion to only Mach 5.4. The results for the expansion

wave were improved only slightly when the grid density was
doubled.

This difficulty in treating a shoulder expansion wave is
due to at least two things. First, the shoulder represents a
singular point in the flow, and representing such a point
with a finite difference grid will always give problems. The
obvious remedy is to increase the grid density, perhaps
locally, but this is very inefficient since a vastly refined
grid would be required. The second reason for the poor
resolution is that the numerical algorithm treats the
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expansion wave in each cell as a single discontinuity, not
the true c¢xpansion fan; again the limits of a finite
difference solution., A true Riemann solver such as the well-
known Godonov method may help in this instance, but there too
the exact nature of the soluticn is lost since averages must
be taken over the cell boundary.

Woodward and Colella [4.8] addressed the problem of the
numerical error at the corner of a step by applying an
additional boundary condition near the corner of the step.
In computational cells in the neighborhood of the shoulder
they "reset the density so that the entropy has the same
value as in the [cell] just to the left and below the corner
of the step," and also "reset the magnitudes of the
velocitieg, not their directions, so that the sum of enthalpy
and kinetic energy per unit mass has the same value as in the
same [cell) used to set the entropy." While this may have
given "consistent" results for the various schemes being
compared, it is not apparent that it gives the correct
results.

To correct the shoulder expansion problem in the present
solution, the shoulder region was treated as a separate zone
where the Prandtl-Meyer solution was imposed in place of the
finite difference solution. Again, other than the assumption
of locally two-dimensional flow, this is an exact solution.
The modified zone map is shown in Figure 4-4. The solution
with the added Prandtl-Meyer zone is given in Figure 4-5.
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Pranati-Mever __ 7 ~/,/' =

SoluTtion Zoni//’ N2 L o~

0.97

T ] T T 1 T
0.000 0.025 4.050 Q.07S 0.100 f1.125 .10 0.175

Figure 4-5 Result with Prandtl-Meyer Solution
Applied in Shoulder Zone




(The points treated with the analytical solution are noted in
the figure.) While the portion of the expansion fan given by
the numerical solution 1is still less than ideal, it
represents a wvast improvement over the previous result
(Figure 4-3).

Static and stagnation pressure contours for the improved
solution are shown in Figures 4.6 and 4.7. The static
pressure contours look plausible, but there is an obvious
problem with the stagnaticn pressure downstream of the
Prandtl-Meyer solution =zone. Since expansion waves are
isentropic, stagnation pressure should be preserved. The
nonphysical decrease in stagnation pressure observed in the
solution 1is apparently xelated to the poor treatment of
expansion waves by the solution algorithm. A solution to
this problem has not yet been identified. Harten [4.9] has
demonstrated a high degree of "entropy enforcement"™ in his
second-order scheme. Comparison tests between Harten's
scheme and the present first-order scheme should be
performed.,

Finally, with no further change to the soclution
algorithm or run parameters, a run was made with an annular
aspect ratio of 5. The converged solution results are given
in Figures 4-8 and 4-9 for Mach number and static pressure
contours, respectively. The interaction of the expansion
wave and reflected bow shock results in the expected
curvature in the shock wave. The shock waves are well
defined and the use of the Prandtl-Meyer solution gives a
well-represented expansion wave. The residual norm is shown
plotted in Figure 4-10. Convergence to a steady solution was
achieved with approximately 1300 iterations with a time step
of 2.E~-4. This reguired just under 7 hours cf execution time
on a DEC VAXstation 3200 computer.

4,3.2 Preliminary Results with RPLUS2D

Results are presented for the 1identical case
investigated with the E2D code (Table 4-1). A single run
using viscous terms and associated wall boundary conditions
is included for comparison. A gaseous flow of air was
specified thrcugh a small value for the fuel/air equivalence
ratio (phi = 0.01) and the reacting flow option was not used.
This is not wvery efficient since all the species equations
must be carried along without being changed. WNonetheless,
this gives the desired comparison between the two codes. As
before, initial runs were made for a 1:1 aspect ratio, though
in this case limiting tie grid resolution to a 39 x 39
computaticnal mesh. The results in Figures 4-11 through 4-13
present results for Mach number, static pressure and
stagnation pressure, respectively.
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Figure 4-11 can be compared directly with results from
12D in Figure 4-3. Several observations can be made. First,
the shock predicted by RPLUS2D is significantly more smeared,
even 1f one allows for the coarser mesh. Furthermore, the
shock angle is not well predicted as is evidenced by the
exact value shown in Figure 4-11 (11.35° from horizontal).
Only the final contour matches this value in the RPLUS2D
solution, whereas the E2D predicted shock is smeared nearly
equally to both sides of this value. The second observation
is the overall poor representation of the expansion fans
given by both codes. The RPLUS2D result is, however, much
better in terms of the degree of expansion predicted (RPLUS2D
giving the exact value of Mach 6.4 versus Mach 5.4 for E2D).
The expansion fan problem was addressed with E2D by imposing
the analytical solution in the shoulder region. This "fix"
has not been made in RPFLUS2D, Another observation is that of
the thick .aumerical boundary layer present on both wall
boundaries of the RPLUS2D solution. This behavior is present
in all of the inviscid solution results with this code and is
apparently a problem with the boundary condition, as will be
shown directly.

First, however, consider Figure 4-13 which shows

contours c¢f stagnation pressure. As in the E2D solution,
stagnation pressure (thus entropy) is not preserved through
the expansion fan. One great difference is that stagnation

pressure 1is seen to increase in the RPLUS2D solution.
Although neither an increase nor a decrease is acceptable,
the increase does seem mure unsettling. A decrease might be
explained through arguments c¢f numerical dissipation, but an
easy explanation for an increase is not immediately apparent.
Magnitudes of change are significant in both cases and are of
the same order.

Addressing the problem of the inviscid boundary
condition, the same solution was repeated for the viscous

case and results are shown in Figure 4-14. When compared
with the inviscid case (Figure 4-11), there °~ a difference
between the two, albeit a very small one. Noting that the

boundary layer should be wvery thin since the upstream
solution is inviscid, this 1is not & very conclusive
comparison, A substantial comparison is given using the test
problem provided with RPLUSZ2D, uniform Mach 4 flow over a 10°

ramp. The grid is illustrated in Figure 4-15, Mach number
contours for the wviscous and inviscid cases (both
nonreacting) are given 1in Figures 4-16 and 4-17,

respectively. Both walls are initially parallel to the flow.
While weak shocks off the developing boundary layer are
expected in the viscous scolution, there should be none in the

inviscid case. Figure 4-16 shows the expected behavior for
the viscous case, but the inviscid result ian Figure 4-17 is
clearly incorrect. A close examination of the code is

required to see why this is occurring.
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4.4 CONCLUSIONS FROM CFD ANALYSIS

Numerical solutions were performed for inviscid,
supersonic, nonreactive flow over a cone-cylinder projectile
located axisymmetrically within a uniform radius c¢ircular
duct. A zonal solution approach allowed for the most
efficient treatment of various parts of the flowfield. Two
Crp codes were used. In the E2D code, numerical errors in
the shoulder region were eliminated by imposing an analytical
solution in that region.” The result shows an accurately
represented and well-defined series of reflected shocks in
the annulus. Preliminary results for the RPLUS2D code show a
more smeared and less accurate shock than predicted. This is
most likely due to the 2D algorithm being based on a more
accurate total variation diminishing (TVD) numerical scheme.
In both codes, stagnation pressure (therefore entropy) was
not preserved through the expansion fan. RPLUS2D gave an
increase in stagnation pressure as opposed to a decrease of
similar magnitude using E2D. Finally. a problem was noted
with the inviscid boundary conditien in RPLUS2D since
parallel flow to a planar wall resulted in shocks.




4.5 PLANS FOR FUTURE WORK

As described previously, the use of the time-steady code
RPLUSZD is proposed for the bulk of the experimental design

and analysis. The inviscid boundary condition problem must
be resolved and a couple of modifications must be made before
the code is put. to work. These modificetions include the

addition of axisymmetric terms and the addition of
generalized gaseous fuels capability.

Development of the transient c¢cde will continue for use
in later investigation and analysis of nonsteady phenomena.
For the neon-reactive case, the first task is the search for
and testing of an alternative solution algorithm to improve
he treatment of expansion waves. Harten's second order
scheme has been identified as <ne option. The second task is
the addition of wviscous terms to investigate the influence of
boundary lavers. .

For the reactive case, a two-stage investigation is
proposed. The first stage will follow the approach taken in
a related computer simulation of a ram accelerator as
described in [4.2]. In that simulation, a one-parameter
induction time model due to Oran et al. [(4.10] was used to
determine the onset oI chemicasl heat release following the
induction or ignrition delay reactions, following which the
gases were acssumed to instantanecusly achieve chemical
eguilibrium. To minimize the computational burden of
computing the fully detailed finite-rate chemical kinetics in
the computatioral flowfield, the next stage will employ a
two-regime m- 1! due to Koruvbeinikov [4.11), as recently used
in a related problem by Fujiwara [4.12].
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SECTION 5 - DESIGN OvF TEST FACILITY

We have designed in concept an experimental assembly that
will allow confirmation of the establishment of a stable oblique
detonation wave (ODW). Because the experiment involves the use of
hydrogen, and because some of the processes are experimental, we
have designed the apparatus in thes expectation that it will be
installed in an outdoor, remote facility. For descriptive
purposes the apparatus may be divided into six subassemblies:

1. "he Wave Gun

2. The propelling gas dump section

3. The sabot strip section

4, The stripping gas and combustion products dump section

5. The oblique detonation wave section

6. The recovery section

Items Z, 3, and 4 are physically combined into a single unit,

so they are discussed together. The functicn and some desian
parameters of each o0f these assenmblies are discussed in the
sections that follow. Figure 5-1 shows a conceptual design of the

experimental assembly.

5.1 WAVE GUN

The Wave Gun 1is a variation of a two-stage light-gas gun that
has been developed by Astron as a hypervelocity launcher. The
characteristics of the gun are suitable for accelerating a
projectile to a velocity appropriate for study of the ODW
phenomenon. The theory and sowme experimental results of Wave Gun
development are given in Reference (5.1, 5.2). Our description of
the function of Wave Gun in this report will be curscry; the
reader is referred to one of these references for a more complete
discussion.

Figure 5-2 is an engineering assembly c¢f the 30-mm Wave Gun
proposed for use in the ODW experiments. It shows in detail the
component parts of this device, Near the breech end of the
assambly is a volume known as the powder chamber. This volume is
filled with a cannon powder such as 1is typically uosed in artillery
applications. The downstream end of this region is closed by a
plastic piston that is threaded into the chamber. The piston
serves to separate the chamber from a volume of pressurized light
gas and to confine the burning powder to the chamber until the
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pressure has risen sufficiently to shear the threads restraining
it. In our experiments to date, the light gas has been helium,
although, for some purposes hydrogen will be more effective. When
the piston threads have been sheared, the piston begins to move
thereby compressing the light gas and, since the piston is quite
light and moves out quickly, the pressure in the powder chamber 1is
reduced. Ultimately, the pressure in the light gas becomes high
enough to stop and reverse piston motion thereby increasing
pressure and, consequently, burn velocity in the propellant
powder.

At some time in this process tle pressure in the light gas
becomes high enough to break a restraint which is retaining the

projectile. The oscillatory piston moticn continues until the
powder is fully consumed and/or all of the light gas is forced
from the pump tube into the launch tube. for the proposed

experiment, this device will accelerate a projectile package to
about 2.5 km/s.
5.2 RECCIL ABSORBING JOINT

The joint between the Wave Gun launch tube and the drmp and
strip tube is designed to isolate recoil of the Wave Gun from the

remainder of the expesrimental assembly. Figure 5-3 shows a
conceptual drawing of he Joint. Several functions arc
accomplished within this unit. First, the diaphragm that

separates the evacuated launch tube from the atmospheric dump tube
is mounted within this unit. Second, the connection to the wvacuum
system 1is made in the assembly. Third, the wunit is firmly
attached to the mounting beam to provide a fixed anchor for all of
the downstream hardware, and fourth, the piece provides a means
for maintaining an alignment between the bore of the launch tube
and the bore of the dump/strip tube to which it abuts. The design
allows a recoil ¢f several inches to occur before the sealing and
the alignment functions are lost.

5.3 SABOT SEPARATICN

Tne profectile will be launched with a sabot as describked 1in
Section 3. The sabot must b= separated from the projectile before
it enters the test section so that the sabot will not disrupt the
flowfield 1in the test section. The projectile and sabot will
gxperience the following flight history. They will be accelerated
in the evacuated Wave Gun barrel by a helium driver gas. The
projectile and sabot will pass through a diaphragm located at the
end of the Wave Gun barrel, and driver gas will be vented in the
driver gas venting section. The sabot will be separated from the
projectile as they pass through an axial gasdynamic sabot
separation section. The axial gasdynamic sabot separation section
gas will be vented in the sabot separation venting section. The
projectile will burst through a diaphragm and enter the test
section where it will be accelerated. Then it will exit the test
sect.ion thrcugh a diaphragm and be stopped in the catcher section.




{03Lv839DVYX3 NMOHS) HLNOW 1138

gy ., ? oo |

[ . ._ |

i

\ WOVHHAVIO |\\ . ﬁ
NOILDINNOD WNNIVA . _ o
{ \

Nid 13MOJ LNIWNDINY




The helium driver gas will stil)l be at a high pressure as it
forces the projectile and sabot into the driver gas venting
section. This bigh pressure must be reduced by venting for the
axial gasdynamic sabot separator to work. The axial gasdynamic
sal ot separator section consists of a straight piece of pipe
filled with air at atmospheric pressure. The sabot and projectile
will force a normal shock to form in front of them as they pass
through this section. The pressure behind the shock and in front
of the projectile will be substantially higher than the pressure
behind the sabot. This compressed air will not be constrained by
the projectile so it will move past and surround the projectile
while not slowing it. The pressure difference between the front
and rear of the sabot will slow it as it moves down the sabot
stripping section. At the end of the sabot stripping section, the
stripping gas will be vented. The stripping gas must be vented so
that it will not force a shock to form in the test section and
disrupt the flow.

The following sections will discuss how the helium driver gas
and gasdynamic sabot separatiun section gas will be vented and how
the sabot will be separated from the projectile.

5.3.1 Gas Venting

The gas will be vented through slots in the side of the tube
wall in the two 0.5m venting sections as shown in Figure 5--4. The
vents will represent 50 percent of the surface area of the pipe in
the vent sections. A first-order analysis of the venting is made
by assuming that the gas flowing out ©f the vents is choked, the
gas remaining in the tube expands isentropically, and the gas
flows out the vent for a time equal to its residence time in the

vent section. The integral form of the continuity equation
a — —
5 pdv + pv -dA=0
g
cv, 3 (5.1)

alon¢ with the isentropic relations 1is used to derive Equation
5.2, which gives the pressure in the vent section as a function of
time, geometry, and the initial conditions:

-2y

PmmFPumiaz[ﬂH 1]?—1 (5.2)

where

o1 -1 2 o
p= _"Qw_m i 1_7_.(%)7_ 1,\/7 \'/1 R i
srvper 2.\ + Y+ (5.3)

For the helium driver gas venting secztion, Tiyiw=300K, Piiiqg=200am,

i . s . . . , S m .
and the residence time in the venting section is —=>1L =200 uscc.
E 2500 mv/sec psee
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This gives a pressure of 0.36 atm behind the sabot as it enters

ES2
the sabot stripping section. A pressure of at least k%ﬂr*aun is

required in the gas for the flow to be choked. Therefore,
Zquation 5.2 is not valid below this value and the pressure will

i
actually be somewhere between 1 atm and h%ﬂr4aun. For helium,

~1
thrdaUn equals 2.05 atm which is more than acceptable for the

entry into the sabot separator section,
5.3.2 Sabot Separation Section

The sabot will be separated from the projectile by an axial
gasdynamic sabot separator. The projectile anad sabot will enter
this separator at a velocity of 2.5 km/sec which gives a Mach
number of 7.2 in air at 300 K. As the projectile and sabot move
through the sabot separation section, a shock wave will precede
them as shown in Figure 5-5. This separation technique has been
analyzed in detail by Swift and Strange (5.4]. Their paper gives
the pressure ratio across this shock as

%@ﬁ:1+I%my+ﬂMwﬂfﬁ+lfhﬁ+16]

(5.4)

where ™M is the Mach number for the sabol's velocily in the
undisturbed fluid before the shock. The separation between the
sabot and the projectile is given to first order by

6X=LAPAM@L£
2 Msabot 2 (5.5)

where AP is the pressure across the sabot. AP is calculated by

using Equation 5.4 to calculate the pressure in front of the sabot
and the maximum of the pressure calculated from Equation 5.2 or

il
k%ﬂrdaun for the pressure bkehind the sabot. Eguation 5.5 over-
predicts the separation distance because the pressure ratio across
the shock decreases as the sabot travels down the tube. Equation

5.4 shows that the pressure ratio across the shock decreases with
decreasing Mach number, which is the reason the p . essure ratio
decreases as the projectile slows. Swift and Strange {5.4) have
performed an iterative analysis that accounts for the changing
pressure ratio. Their analysis shows that Equation 5.5 over-
predicts the separation by 3 to 4 percent. Therefore Equation 5.5
can be rewritten as

Sx = 96 AP Apgre L2
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The wvelocity of the sabot at the end of the sabot separator
section can be approximated by

thxzv&mn__96£f2223£1
edt  inlx Msapr V _ (5.7)

From Shapiro [5.3], the temperature of the gas between the shock
and the sabot is given by the Rankine-Hugoniot equation as

e

Tshock - Pinitial Y + 1) Pinitial
T Poog Y- 1
Piicat Y+ 1 (5.8)
where the pressure ratio is taken from Equation 5.4. The distance

between the shock and the sabot is given by

Pinitial

shock = Lsepraar ,
Pshock (5.9)
where from Shapiro [5.3],

Poor ¥ +1

Oisial Pricai 7 -1
pshock (I:__l_)_li'i‘i.p 1
Y = 1) Pinitit (5.10)

Using Equations 5.6 and 5.9, the conditions at the end of the 2m-
long axial gasdynamic sabot separator section can now be

b
calculated., For a pressure of k%ﬂrlaun behind the sabot as it

exits the helium driver gas venting section and T = 300 K and P =
1 atm in the sabot separator section the distance between a 20g
sabot and the 50g projectile will be $5 mm, The distance between
the shock and the sabot is calculated to be 360 mm uvusing the
velocity at the end of the separator section as given by Equation
5.7 and Equation 5.9. The temperature behind the shock will be
4750 K at the entrance and 3970 K at the exit of the sabot
separator section. Equations 5.2 to 5.3 give a pressure of 0.038
atm at the end of the 0.5m-long axial sabot stripping gas venting
section. The pressure will not drop below 1 atm but should drop

ik &%
to or below &%ﬂ?-laun which is 1.9 atm for air.
5.3.3 Venting/Stripping Tube Construction
This component will be built using commercially available

alloy steel tubing. A likely candidate is stock tubing of 4130
steel coid drawn and stress relieved with an outside diameter

~10
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(0O.D.) of 60.3 mm (2.38 inches) by 28.6 mm (1.12 inch) inside
diameter (I.D.) honed to the desired bore of 30.0 mm. This heavy
wall section is considerably stronger than reguired from the
standpoint of resisting the internal pressure, but we have
selected the thick wall to provide rigidity and sufficient stock
for mounting pressure gages and other diagnostic components. A
single section of the tube will form this component. The venting
slits at each end of the tube will be made by milling slots 12 mm
(C.47 inch) in diameter through the wall in four places equally
spaced around the circumference to provide venting area equal to

half of the tube surface area. There will be two sets of these
slots at each end of the tube each about 200 mm (8 inches) long
separated by about 50 mm (2 inches) of unperforated tube. Figure

5-6 illustrates the construction of this component.

5.4 OBLIQUE DETONATION WAVE TEST SECTION

The same basic tubing stock will be used for fabricating this
unit as was described for the dump/strip section, i.e., 60.3 mm
O.D. by 28.6 mm I.D. honed out to 30.0 mm I.D. The £full test
section will consist of four individual identical sections each
2.5m long. Each section will be tapped for mounting one or more
pressure transducers.

The dJoints between the individual sections of the test
section will utilize universal flanged connections that will also
serve to mount diaphragms and to connect the ODW test section to
the strip/dump section. A schematic representation of one of
these joints is shown in Figure 5-7. The method used to prepare
and align the Jjoints is a simplified version of one described by
Swift aund Strange [5.5]. The flanges are manufactured 1in
upstream/downstream pairs. The alignment of each pair is
controlled by three asymmetrically placed dowel pins; the
asymmetry is used to preclude misalignment by rotation about the
axis to an improper orientation. Location of the pins to ensure
alignment is achieved in the following manner. The flanges are
first threaded onto the ends of the tube section until they stop
against a shoulder. The threads are sealed by the use of a hiqgh-
strength cyanocacrylate thread-sealing cement to preclude
accidental 1loss of alignment. A specialized and precisely
manufactured drilling Jjig with a bolt circle identical to that of
the flanges is loosely bolted to one of the flanges. The jig has
a central hole of precisely the same diameter as the bore and
three hardened precision drilling Jjigs representing the three
dowel pin locations. The central hole and the bore are then
precisely aligned by inserting an aligning tool cocnsisting of a
hydraulically expanded tubing into the assembly and expanding it
to precisely align the two bores. The clamping bolts are then
securely clamped and holes are drilled and reamed to accept the
pins. The drilling fixture is then removed, reversed and bolted
to the mating flange. The alignment process 1is repeated and
matching holes are drilled and reamed in the mating flange. The




uotines uorjeaedas 3joges/3usSA SeH  9-G 2anbTg

WOVYHHJYIA JYTAN

WOYdHdYIQ YVYTAN /

38N1L MAO0

| ) \ \
R par / E; | 2 J RN | RS g\ \,“ | — L— .7
=== : [\k - =
. /
_~l.||l w go. |||l|* .. W S0
_
Ny we _

1344V3 NND JAVM

5-12




1re35Q JUTOL UOTIOAS ISOL MAO (-G @INDTI

LNIWO3S
NOILO3S 1631

N

: N\ .
NN RIS
\

N ,/
NN\ AL

AR

J,INT_ /

nwal

’.

\
(Q31vd3DVYX3 NMOHS) HLNOW 1139

\
~—(€ 4O 1) NId LNIWNDI"Y

,
Yo




quality and reproducipility of the alignment that can be produced
by this technigue is estimated to be about 25 Um. Any residual
misalignment within this range is accommodated by honing a slight
"bell mouth"™ at the entrance of the downstream portion of each
joint . This method will gprecludce the possibility of the
projectile encountering a step as 1. proceeds across the joint.
Such encounters must be strictly avoided as they will always
produce a phenomenon known as "ygouging" at this wvelocity [5.6,
5.71. Tne bell mouth technique has been shown to produce
satisfactory results in our own laboratory as well as in others
{5.57.

Each of the 2.5m-long units of the test section w.:ll have two
ports for connecting to the gas fill system. FEach of these will
consist of a pipe capped nort for accepting a compression type
tubing fitting and a very small (about 1 mm) hole drilled through

to the bore. This connecting hole will be oriented so as to be
neither normal to the bore axis nor directed toward it to promote
a helical swirl pattern as the section is filled with gas. We

have examined the question of achieving a homogeneous gas mixture
presuming the introduction of gas at discrete locations alcng the

length of the tube. The basis for the analysis is that of binary
diffusion of gasses initially distinct and is derived from a
discussion by Bird, Stewart and Lightfoot [5.8]. They give the
Gitifusion coefficient of a binary gas system as:
3 1 11
T~ +—
Mx MJ
D,;3=0.0018583—————
‘(2
POaulnn (5.11)
where: T is the temperature in degrees Kelvin,

MA and MB are the molecular weights of the gases,

P is the pressure in atmospheres,

Cag is the mean molecular diameter in angstrcm anits,

and

QZB is an empirical constant related to the ccllision
3

frequency.

For air and hydrogen at 298K and 10 atm, the diffusion

coefficient evaluates to 0.077 cmz/s. The time for a binary gas
system to diffuse to a given degree of unjformity is given by:

14

w
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where; ¥ is the residual nonuniformity (taken as 0,01 for this
calculation),

D is the diffusion coefficient as calculated by eq.
5.11, and

L is the length of the gas column,

We guess that the characteristic unmixed length of gases
after filling the column by the described technique will be 10 cm
or less. Using this value for L ve compute a time of about 600
sec for the diffusion process to give a 99 percent uniformity to
the mix.

5.5 GAS PRESSURE INTERFACES

In Section 5.3 mention was made of pressure interfaces
through which the prcjectile must pass in the course of the
experiment. In a Stage I test there is one of these interfaces
betwsen the vent section and the ODW test section. For 3tage II
tests another interface will be needed between the wvent/strip
section and the evacuated Wave Gun barrel,

By far the simplest and most direct method for providing
these separations is by using a plastic diaphragm clamped in a
special fixture such as shown in Figure 5.3. The projectile
simply pisrces the diaphragm when it reaches the station. There
is some concern that collision of the projectile with even a very
thin plastic film may cause some distortion of the tip of the

conical nose section. The nature of the shock structure is highly
dependent o¢on the c¢eonfiguraticon of the tip, so even a minor
distortion can have a profound effect on results. For this reason

we have formulated a conceptual design for a fast acting valve
that will open a clear path for the projectile in an acceptably
short time. It is expected that the diaphragm separation will
prove to be aaequate, but it is also prudent to have a backup
approach.

A conceptual design of the wvalve is shown in Figure 5-8. The
driving force will be provided by a pneumatic cylinder prccharged
to a high pressure with nitrogen. A connectiry rod in tension is
connected to a shutter strip that passes through a slide
sandwiched between the ends of the two tube sections. Gas sealing
is provided by Jubricated "O" rings. The strip is restrained by
an explosive bolt which, when actuated, releases the wvalving
strip.
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A preliminary estimate indicates that a 10 cm diameter
cylinder charged to 2000 psi can move a slide mechanism through a
distance of 8 cm in 1 msec. In this time span, a rarefaction wave
will move into the higher pressure region a distance of about 30
c¢m. From this point on, the projectile will fly through still gas
at initial conditions. Achievement of proper synchronism between
the actuation of the valve and the flight of the projectile will
require caireful calibration of the function time of the various
components and a sophisticated timing circuit to control their
initiation. It is hoped and expected that the simpler, more
direct diaphragm separation technique will serve the required
function well, but we are confident that the fast acting wvalve can
be successfully applied if required.

5.6 STOPFER ASSEMBLY

As 1its name implies, the function of this element is to
provide a means for bringing the projectile to a stop in a
relatively short distance so that it can be located and examined
for evidence as to 1ts experience during flight. We will not
attempt to make the recovery "soft" enough to permit reuse of the
projectile, but it will be very valuable if damage is sufficiently
limited to permit an estimate of whether or not surface melting or
other forms of ablation occurred during the test. The
requirements for this component have not been fully established at
this time, but we expect that the unit w. 11 consist of an open
tramework that will hold weak walls in position to contain
quantities of bulk material in three or four bins of increasing
density. Such materials as sawdust, sawdust mixed with sand, and
sand are under consideration as candidates. The details of the
design of this element will be modified as a result of ewmpirical
observation in the course cf the experimental program.

5.7 GENERAL ASSEMBLY

The unit that will provide for support and alignment of all

of the elements will be a wide-flange structural beam as shown in
Figure 5.1. This beam will, in turn, be supported by sections of
pipe attached to a support slab and to the beam by standard
flanges. The Wave Gun 1is already provided with a mount designed
to support the gun on a beam with a flange that is 8.5 in wid-=.
For simplicity, a beam with this width will be used. The full
length of the test assembly will be about 20 m. Some additicnal
length of beam will be needed to accommodate recoil, recoil
absorhing apparatus, the external velocity measuring switch
acsembly and some room for axial movement to accommodate acssenbly
and disassembly. The full beam length requirement will be about
25 meters or about 80 ft. The maximum length of beam that can be
obtained and delivered to the test site is not known, but clearly
at least twe, and more probably four, beam sections will be
required. The beam support will need to be designed so that there




is a mechanism for supporting the Jjoints between sections and
aligning them with precision both laterally and in elevation.

The tubing sections themselves will be supported on rollers
and frames that are constructed entirely of commercially available
units that are part of a modular construction system known as
"Unistxmt." This system offers a rich variety of components that
can serve a selection of functions and are guite =reasonably
priced. Each of the support structures will include a roller
device that constrains the tube to a fixed transverse position but
perrts free axial motion. Such flexibility is essential to
permit efficient disassembly, inspection, refurbishment and
reassembly of the apparatus. The joining techniques that are
inherent to the modular system permit all necessary adjustments
without the fabrication o¢f any special parts. An optical
alignment telescope will he used to align each of the rolier
assemblies with the range centerline.
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SECTION 6. DIAGNOSTIC METHODS AND INSTKUMENTATION I

The objectives of the diagnostic effort are to identify
confirm and analyze the formation and stability of an oblique
detonation wave, We have designed a variety of diagnosiic
techniques by which the success in achieving this goal can be
evaluated. In this section we discuss an overview of diagnoscic 3
methods to be employed for specific measurements in Sectioca 6.1.

More detailed discussions of each of the diagnostic techniqu=z¢ are B
given in Sections 6.2, 6.3 and 6.4.

6,1 OVERVIEW OF DIAGNOSTIC METHODS

In order to obtain data for in-depth characterization of the 3
ODW phenomena the following quantities will be measured:

*Projectile vclociLy

i *Structure of the shock waves in the re¢gion surrounding |
the projectile i

*Gas pressure history at the wall of the ODW tube fE

°Gas temperature in the wvarious thermodynamic regicns of ‘
the event R

*Optical signatures of various chemical sgspecics as \
evidenced by spectral emission lines

In addition to the measurements listed above there are others :
) that will be included as important design qualification tests:

*Ability of the projectile to survive the Wave Gun
acceleration process
*Surface temperature of

obligque detonaticn

the projectile body beliind thec

The environments for the diagnostic muzasurements and the
instrumentation are extreme: thne projectile geometry is smell and
the velocity is high; the transit time of the entire cvent. is
small even though the test section has a substantial length (149
meters, duc to the extremely high velocity of the projocctile.

Another conseguence of the nature of the ODW event is the

extreme rapidity with which the environmenit changes. Pressures
) and temperatures increase vwvirtually instartansously as the
reactant gases cross the detonation boundery. kesolution of the

nature and location of this singular event requires transducers

6-1




with cxcellent time response. It alco requires recording devices
with similar time resolution and with absolute time correlation
between the recording channels.

To understand th¢ obligque detonation wave phenomena it is
essential to obtain two~dimensiocnal optical wvisualization. The
mcas rement in th's irstance is complicated by the fact that the
internal geometry of the test section must ke maintained and that
the event nmrust be enclosed within a pressvre wvessel of
considerable strendag.h. We plan to utilize an approach that
minimizes the complications imposed by these challengcrs, The
approach is discucsed in Section 6.4.

The following paragraphs contain mcre detail on each of the
techniques to be applied for the measurement of each of the
quantities mentioned above.

Projeclile Velgcity

We will measure projectile velocity by determinig the time of
arrival of the projcctile at a series of closely spaced points.
Arrival wi'l be detected by the eclipsing of a narrow heam of
light c¢rossing the tube along a diameter. This technigue 1is
covered in datail in Secticn 6.2.

Woe will also consider the use of a microwave interferoneter
to provide a continuous record of velocity as a function of time.
such techniques have been widely used in ballistic weork [6.17.
The technique uses Tthe test section tubing as a waveguide and the
projectile asz a moving reflector tc generate a continuous history
of velgcity versus time. This technique could be especially
useful if there appears to be any iastability in the ODW under
certain conditions.

As & backup means of measuring the wvelccity after the
projectile has exited the ODW test section we will install a set
of four switches that will be actuated by contact of the
projectile. The swilches will be placed just downstream of the
tube exit .

Shogk Struciure Visuwallzolicu

Two-diner:sional plhotographs of the event will be made using a
technigue Frrnown as synchroballistic photogravhy coupled with

shadowgrapric illumination. The recording instrument. will be an
elecironically concrolled camera referred to as an image converter
camera. The methoclogy and the instrumentation is mors fully

described in Section 5.4,

!
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Gas Pressure Measurements

Time resolved pressure measurements will be made at several
points within the Wave Gun structure for confirmation of proper
function. 3imilar measurements will ke made at several pcints
along the DJDW test section to record the nature of the pressure
field associated with the passage of the projectile. The pressure
records will also provide confirmation of the airival time
measurenents mmade using the fiberoptic detectors.

Gas Temperature Mca. JIQIICNLS

The methodology for determining the tim..- resolved gas
temperature profile will be the use of spectrally discrete
measurements of the grav body radiation from the gas behind the

detonation. An instrument 1s aliready in our inventory that 1is
ideally suited tc¢ make such observations simultaneously at several
wavelengths., Light 1is conducted into the inscrniment through a

large diameter optical fib-:r that is divided into several
individual fibers ez :h of which becomes a separate channel which
can be individually filtered and recorded. A full description of
the instrument and of the propo:ed applicatici is given in Section
6.3.

SJgDnr]JKQ < r\f Sjg"]"",;?ﬂt ChﬁIO.J.C‘1 Ppc_ﬁ]'c¢

The apparatus t¢ be used in these measurements will be the
same as for the g s cemperature measurements. Refer to Section
6.3 for a more crmplete description ©f the instrument and its
applicaticn to these reasurements. We give poerticular aitention

to two emission lines: the line charac<eristic of the hydroxyl
radical produced in hydrogern/oxygen comb.stion; and the lines
representing any of several mo.ecules i the family of oxides of
nitrogen (NOX).

Projectile _Structural Integrity argd Sakot Separafion

Tt will be very important to dezermine thet the projectile
has maintained its stru-tural in.eg: t, through the process of

acceleration by the Wave Gurn. he mentioned in Section 3, the
acccleration loads ére er reme and the design includes delicate
internal structure. Desp . te careful design and analysis, the
success of the projectile in szurviving the loadings must bc
confirmed. Ir. the in.tisl e¢rperiment or experiments the test
apparatus will be configured with only the Vave Gun and the
vent/strip assembly installec A flash x-ray system will be Dbe
positioned such that arn c¢xpo.ure will be made Jjust after the
projectile exits the tube. This will rev=al both the condition of

the projectile and the separation of the ;abot.




§

Projectile Body Temperature

We will obtain measurements of the temperature of the surface
of tle proje:tile body using the multicoclor optical pyrometer
mentioned in the gas temperature measurements section and
described in Section 6.3. The projectile body surface temperature
reflects the gas temperature and the heat transfer phenomena in
the ODW region. Success of the measurement will depend on the
degree of transparency cf the gases in the annulus that separates
the projectile body from the tube wall. The analysis of the
optical thickness will need to be addressed in more detail to
assess the prospects ior success in this measurement.

6.2 TIME OF ARRIVAL MEASUREMENTS

Arrival detectors will be placed at regularly spaced
intervals along the Wave Gun launch tube, the vent/strip assembly
and the ODW test section. The detector stations will consist of
two diametrically opposed optical fibers inserted through the wall
of the tube and secured with a compression-type fitting as shown
in Figure 6-1. A laser diode will produce light continuously at a
necar infrared wavelength. A bundle of fibers will be optically
coupled to the diode so that each fiber carries a steady optical
fiux. Another fiber will be placed directly opposite each ot
these input fibers. These receiver fibers will transmit the Llight
to a phototransistor unique to the particular station. This
photodetector will be in the "on" state until the transmitted
light is obscured by arrival of the projectile. The outputs cf
all of these detectors will be routed to a
conditioning/multiplexing circuit which will form a pulse with a2
width uniqguely charecteristic of the staticon at which the arrival

was detected. The resulting pulse train will be recorded on a
single chanrel sampling the input at a 10 MHz rate. About twenty
such stations will be installed. This series of time/distance
data points wiil provice an excellent recoid of the velocity

history of the projectile.

6.3 DYNAMIC PRESSURE MEASUREMENTS

A very impor-.ant part of our diagnostic scheme will be the
use of piezovelectcic pressure tr. asducers. The reliance on this
method as &an important techniqg « stems, in large part, from our
considerable experience and success in using these devices in
diagncosing the function of the Wave Gun during development phases
on this cevice from 1383 to 1988. It seem sensible to use the
devices to monitor the obligue detonation wave because of our
familiarity with the gages, and because we have a substantial
inventory of them,. We also have instruments ideally suited to
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record the outputs in digital form. These gages will be used to
meonitor Wave Gun function and the ODW phenomena during the course
of this program. Figure 6-2 1illustrates a typical gage
installation.

We believe that interpretation of pressure records pertaining
to the projectile velocity can in themselves be definitive as to
the presence or absence of an ODW. First, if a stable ODW is
developed, the prcoiectile will accelerate. An acceleration of

more than 9800 g (46 km/sz) will be experienced foxr the sample
case we have calculated. For the expected residence time of 3.7
ms in the test section, the velocity will increase by about 358
m/s. This represents an increase of abcut 14 percent, an amount
that will be very clearly resolvable. The sampling intexrval of

the waveform recorxrder to be used is 2 HUs and the deciease in

transit time for a 2.5 m interval will be about 67 Ms, many times
the minimum time resolution of the system. On the other hand, the
absence of a detonation wave will result in the projectile
decelerating significantly as a result of the substantial pressure
{about 70 atm) behind the bow shock impressed on the face of the
projectile. Thus the projectile arrival time inferred by the
pressure signal should, of itself, be an indication of the
presence (or ébsence) of either an ODW or shock-induced
combustion.

The amplitude of the pressure rise at the time of shock
arrival comprises another definitive indication of ODW presence.
If the reflected shock achieves detonation, the pressure should
rise wvirtually instantaneously to about 600 atm, and remain
essentially constant until passage of the confined annulus region.
In the absence of a detonation, however, the immediate pressure
increase &at shock arrival will be only that of a reflected, non-
reactive shock wave, about 275 atm, If little or no combustion
occurs, the pressure will remain esserntially constant until
passage of the annular region, followed by a rapid decrease and
quite cohvicously accompanied by deceleration of the projectile. IFf
shock-induced combustion results, the static pressure will rise
continuously along the annulus. The nmnaximum pressure which will
be achieved prior to expansion over the projectile afterbody
depends on the degree of completion of the combustion reaction,
can approach or even exceed the 600 atm ODW peak pressure, and
consequently may result in thrust comparable to that of obligue

detonation. Consequently, measurement of thrust and/or
acceleration does not constitute a suitable discriminant for
whether ODW or shcock-induced combustion occurs. However, the

measurement of pressure-time history during passage of the
projectile constitutes a clear diagnostic method for
discriminating between shock-induced combustion and obligue
detonation.




QUARTZ PRESSURE TRANSDUCER

_—0ODW TEST SECTION

L

Figure 6-2 Typical Pressure Transducer Installation
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6.4 SPECTRALLY RESOLVED OPTICAL OBSERVATIONS

The rapid combustion of hydrogen in air will produce many
chemical species, some of them transient. This will be especially
true if the combustion is in the form of a detonation with the
associated extremely large values of temperature and pressure
inherent in this process. Many of these species will radiate in
some characteristic emission line. One of these 1lines 1is
representative of the formation of the hydroxyl (OH) radical and
should always be present in hydrogen/oxygen combustion. When
nitrogen is present as in air, quantities of various oxides of
nitrogen (NOX) should be formed and radiate with their own

characteristic wavelengths. All of these emission lines will be
breoadened in conditions of high pressure. We have not evaluated
at this time whether this line broadening will be sufficiently
extreme to obscure the desired results under the conditions
expected in this experiment. The projectile body heated to high
temperatures by the thermodynamic processes will radiate a
broadband radiation with a spectral content dependent on their
temperature and emissivity. Instrumentation will be provided for
investigating each of these phenomena s0 as to permit
interpretation of the resulting data as to its implications
regarding the presence and nature of the combustion reactions that
might pe present.

The basic instrument to be used for all of these measurements
is one that has been constructed originally as an multi-color

optical pyrometer. Figure 6-~3 is a photograph of the interioxr of
the instrument. Optical flux enters the enclosure through a large
(1.5 mm) optical fiber which is terminated Jjust inside. The

output end of the fiber is imaged on a cluster of seven smaller
fibers each of which carries the full spectral content of the
input. Each individual fiber then passes to a station at which it
terminates at anrother pair of lenses between which an interference
filter is placed. The spectrally limited output of the station is
imaged o a photedicode the output of which is conditicned so that
it will be suitable for rccording.

The optical flux passecs through several materials eaci: with
its own spectral transmissivity characteristics and through
several lenses which will have certain residual chrematic
aberrations. For this reason, it will be n zessary to calibrate
the instrument at each wavelength being monitored by exposure of
the system to an optical source with known spectral content.

As presently configured, the instrument monitors four
wavelengths chosen for their ability to define the temperature of
resistively heated carbon. These wavelengths are 350, 410, 470
and 650 nm. It may le desirable to substitute filters passing
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